Thermodynamic relation between aluminum and titanium in liquid iron was studied using the metalnitride-gas equilibration technique. The effect of aluminum on the solubility product of TiN in liquid iron was measured under different nitrogen partial pressures in the temperature range of 1 843-1 973 K. The experimental results were thermodynamically analyzed using Wagner's interaction parameter formalism to determine the first-order interaction parameters of aluminum and titanium in liquid iron as follows.
Introduction
Aluminum and titanium are both important alloying elements as deoxidizers and nitride formers in many grade steels to improve mechanical properties via the grain refinement. Both elements are often added together to improve titanium yield in liquid steel and to enhance the beneficial effects on the final steel quality. However, they are very reactive with oxygen and nitrogen to form various types of inclusions in liquid steel, and hence cause nozzle clogging problems and surface defects in final products. In order to control the formation of those inclusions in steels, thermodynamic information on the relation between aluminum and titanium is very important. In spite of its importance, the reported data on the interaction parameter between aluminum and titanium are very scarce. 1, 2) Furthermore, the temperature dependency of interaction parameter is not available.
In author's recent studies, 3, 4) thermodynamics of Fe-Al-N and Fe-Ti-N melts were studied as a function of temperature using the metal-nitride-gas equilibration technique utilizing a high frequency induction furnace as summarized in Table 1 . In the present study, thermodynamic relation between aluminum and titanium in liquid iron was studied by measuring the effect of aluminum on the solubility product of TiN in Fe-Al-Ti-N melts in the temperature range of 1 843-1 973 K. Using Wagner's formalism, 5) the interaction parameters between aluminum and titanium were deter-mined from the experimental results. From thermodynamic data determined in the present study, the complex deoxidation equilibrium by aluminum and titanium in liquid iron was also discussed.
Experimental Procedures
A 15 kW/30 kHz high frequency induction furnace was used in the present study as shown in Fig. 1 . Descriptions of experimental apparatus and procedure are available elsewhere. 3, 4) Five hundred grams of high purity electrolytic
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Wan-Yi KIM, 1) Jong-Oh JO, 2) Chang-Oh LEE, 2) Dong-Sik KIM 3) and Jong-Jin PAK 2) iron (99.95 mass% purity, 200 mass ppm O, Ͻ5 mass ppm N, 18 mass ppm C, Ͻ10 mass ppm Si), contained in an Al 2 O 3 crucible (OD: 56 mm, ID: 50 mm, H: 96 mm) was melted in the temperature range of 1 843-1 973 K.
After the temperature of iron melt was reached to a desired value, an Ar-10%H 2 gas was blown onto the melt surface at a high flow rate of ϳ5 000 mL/min for 2 h to deoxidize the melt. The oxygen content in the iron melt after this procedure was in the range of 15-20 mass ppm. Then the gas was switched to a mixture of Ar-10%H 2 and N 2 gases (P N 2 ϭ0.10, 0.11 and 0.2 atm). The flow rate of gas mixture was controlled by a mass flow controller in the range of 1 000 to 2 000 mL/min depending on nitrogen partial pressures in the gas.
Strong agitation of melt by an induction furnace resulted in a fast attainment of equilibrium nitrogen solubility in liquid iron within 1 h at a given nitrogen partial pressure. After confirming the saturation of nitrogen in liquid iron by sampling and analysis, pellets of sponge titanium (99.5 mass% purity) were dropped into liquid iron through an 18 mm ID quartz tube. After the predetermined equili-bration time of 1 h, a metal sample of about 10 g was extracted by a 4 mm ID quartz tube connected to a syringe (10 mL) and it was quenched rapidly in water within 2 s. Titanium additions and sampling were repeated until a stable TiN layer was formed on the surface of the iron melt. The formation of TiN in iron melt could be also confirmed by a sharp decrease in nitrogen content checked by the analysis of metal samples during experiment.
After the saturation of TiN in liquid iron, aluminum (99.9 mass% purity) addition and sampling were carried out with the predetermined equilibration time of 2 h. The amount of aluminum addition was limited to less than 1.5 mass% in liquid iron to avoid AlN formation. 3) In order to insure the saturation of TiN in liquid iron with aluminum additions, about 1 g of TiN pellets were also added onto the melt. TiN pellets were sintered from TiN powder (99% purity, Ͻ10 mm) in a pure nitrogen atmosphere at 1 923 K for 12 h.
After each experimental run, the Fe-Al-Ti-N melt was quenched rapidly by helium gas blowing onto the melt. The quenched metal sample was cross-sectioned and examined with an optical microscope for the presence of any inclusions including TiN and AlN. The center part of metal sample was virtually clean without any noticeable inclusions. However, TiN and Al 2 O 3 inclusions of 5-10 mm in size were observed near the melt surface as shown in Fig. 2 . There was no AlN inclusions observed in the melt under the present experimental condition. The SEM-EDS analysis on TiN precipitates did not detect any appreciable amount of aluminum as shown in Fig. 2 .
The metal samples were carefully cut for the chemical analysis. Four specimen of each metal sample were prepared for the analysis of nitrogen and oxygen by the inert gas fusion-infrared absorptiometry. For the analysis of aluminum and titanium, the metal sample (0.2 g) was dissolved in 20 mL of HCl (1ϩ1) in a glass beaker of 50 mL capacity heated in a water bath for 2 h. The leaching test of TiN powder (99% purity, Ͻ10 mm) indicated that TiN was nearly insoluble in dilute HCl (1ϩ1) solution heated in a © 2008 ISIJ water bath up to 6 h. In author's previous studies, 3, 4, 6) the detailed procedure for chemical analysis is available. The analytical limit for aluminum and titanium in metal sample was 5Ϯ1 mass ppm. Figure 3 shows the variation of equilibrium nitrogen solubility in Fe-Ti-N melt with titanium additions under a nitrogen partial pressure of 0.1 atm at 1 843 K. As shown as open symbols in the figure, the nitrogen solubility increases linearly as the titanium content increases in liquid iron. When the titanium content exceeds a critical value, the nitrogen solubility sharply decreases due to the formation of TiN in the melt as shown as solid symbols in the figure. The solid line in Fig. 3 is the equilibrium solubility product of titanium and nitrogen for TiN formation, calculated using thermodynamic data determined in author's previous study on TiN formation in Fe-Ti-N melts in the temperature range of 1 873-1 973 K. 4) The predicted line for the solubility product of TiN at 1 843 K is in excellent agreement with experimental data.
Results and Discussion

Effect of Aluminum on Solubility Product of TiN in Liquid Iron
In the present study, the effect of aluminum on the solubility product of TiN in liquid iron was measured as a function of temperature. The experimental results are summarized in Table 2 . Figure 4 shows the effect of aluminum additions on the solubility product of titanium and nitrogen, log[%Ti][%N], for TiN saturation at different temperatures. The solubility product decreases with aluminum additions in the temperature range of 1 843-1 923 K. However, the solubility product increases with aluminum additions at 1 973 K.
The where K 1 is the equilibrium constant for Reaction (1) and, h Ti and h N are the Henrian activities of titanium and nitrogen relative to 1 mass% standard state in liquid iron, and f Ti and f N are the activity coefficients of titanium and nitrogen, respectively. Under the present experimental condition, the activity of TiN is unity.
The equilibrium constant, K 1 can be rewritten as the following relation using Wagner's formalism 5) : where f Al Ti is the interaction coefficient of aluminum on titanium and is a measure of the effect of a specific concentration of aluminum on the behavior of titanium in dilute solution in liquid iron.
In author's recent studies, 3, 4) the values of log K 1 and the interaction parameters in Eq. (5) were determined except for the value of e Al Ti as summarized in Table 1 . Therefore, the value of e Al Ti in Eq. (5) can be determined from the present experimental results of solubility product of TiN as a function of aluminum content in Fe-Al-Ti-N melts. Figure 5 shows the values of log f Al Ti plotted vs. percent aluminum in liquid iron using the relation expressed by Eq. (5) . At all temperatures, the data determined at different nitrogen partial pressures show excellent linear relationships. The firstorder interaction parameter, e Al Ti can be determined by a linear regression analysis of data in Fig. 5 as 0.043Ϯ0.0074, 0.026Ϯ0.0036, Ϫ0.002Ϯ0.0074 and Ϫ0.026Ϯ0.0054 at 1 843, 1 873, 1 923 and 1 973 K, respectively.
It is interesting to see that the e Al Ti value changes from positive to negative values as temperature increases. However, as shown earlier in Fig. 4 , the effect of aluminum additions on the solubility product of titanium and nitrogen for TiN saturation changed with temperature. The temperature dependence of e Al Ti values is shown in Fig. 6 , and it can be expressed as 1 939/TϪ1.009. Using Wagner's reciprocal relationship, 5) the value of e Al Ti can be expressed as 1 092/TϪ 0.568.
The e Al Ti values measured by other workers are also compared in Fig. 6. Yuanchang et al. 1) determined the first-and second-order interaction parameter values of e Al Ti , r Al Ti and r Al Ti,Al in carbon saturated Fe-Al-Ti melts as 0.93, 10.22 and 25.11, respectively, at 1 873 K using a silver bath iso-activ-ity method for aluminum contents up to X Al ϭ0.0366 in molar fraction basis. Using the relations regarding the transformation of the interaction parameters, 7) the respective first-and second-order interaction parameter values of e Al Ti , r Al Ti and r Al Ti,Al , in regard to 1 mass% dilute solution as a standard state, can be calculated as 0.0037, 0.0018 and 0.0019, respectively, at 1 873 K. Recently, Morita et al. 2) obtained the value of e Ti Al as 3.21 at 1 873 K in liquid Fe-Al-Ti alloys using the same silver bath iso-activity method. They also reported the respective first-order inter- 
Deoxidation Equilibria of Aluminum and Titanium in Liquid Iron
Aluminum and titanium are often added together to improve titanium yield and to enhance the beneficial effects on the final steel quality. Aluminum is a stronger deoxidizer than titanium in liquid iron as shown in Fig. 7 . However, when both elements are present together in liquid iron, complex deoxidation equilibrium by aluminum and titanium can be attained. The aluminum deoxidation product in liquid iron is pure solid Al 2 O 3 , and the thermodynamic data of deoxidation equilibrium is available in the literature. 8) The titanium deoxidation product changes its chemical composition with titanium content in liquid iron. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In author's recent study on titanium deoxidation equilibrium in liquid iron, 9) pure solid Ti 2 O 3 phase was identified as the deoxidation product for iron melts containing titanium higher than 0.25 mass% at 1 873 K. At a lower titanium concentration, solid Ti 3 O 5 phase was identified as the deoxidation product. The equilibrium constants for the formation of pure solid Ti 2 O 3 and Ti 3 O 5 , the interaction parameters between Ti and O in liquid iron were also determined as shown in Table 3 . 9) The e Ti Al value determined in the present study can be used together with thermodynamic data available in the literature 8, 9) to examine the stability of DG 6°ϭ Ϫ379 072ϩ145.2T J/mol 8, 9) .............. (7) ................... (8) where the activities of Al 2 O 3 and Ti 2 O 3 can be considered as unity since both solid oxides have very limited mutual solubility at steelmaking temperatures. 9) The activity coefficients of aluminum, titanium and oxygen in liquid iron can be expressed by Wagner's relation 5) equilibrium oxygen content in liquid iron in each oxide phase region and boundary line can be calculated using the equilibrium constants of deoxidation reactions and the interaction parameters between Al, Ti and O shown in Tables  1 and 3 . The minimum oxygen content by aluminum and titanium complex deoxidation in liquid iron saturated with both pure Al 2 O 3 and Ti 2 O 3 at 1 873 K is calculated as 9 mass ppm as shown as point B (0.012 mass% Al, 0.368 mass% Ti) in Fig. 8 . When aluminum content increases to above 0.012 mass%, the oxygen in the melt would be primarily controlled by aluminum and Ti 2 O 3 would be dissociated into titanium and oxygen in the melt. Therefore, it can be concluded that at equilibrium condition titanium oxides would not form on titanium addition in normal Al-killed liquid steels with soluble aluminum content of 0.02-0.05 mass% at 1 873 K.
Conclusions
Using the metal-nitride-gas equilibration technique, interaction between aluminum and titanium was studied in the temperature range of 1 843-1 973 K from the equilibrium relation of aluminum, titanium and nitrogen in liquid iron saturated with TiN under different nitrogen partial pressures. The main findings of this study can be summarized as follows.
(1) The experimental results were thermodynamically analyzed using Wagner's interaction parameter formalism to determine the first-order interaction parameters of aluminum and titanium in liquid iron as follows.
e Al Ti ϭ1 939/TϪ1.009 , e Ti Al ϭ1 092/TϪ0.568
(2) The e Al Ti changes from positive to negative values as temperature increases, and the value becomes zero at a temperature near 1 922 K.
(3) A stability diagram for Al 2 O 3 , Ti 2 O 3 and Ti 3 O 5 phases was constructed at 1 873 K as a function of dissolved aluminum, titanium and oxygen contents in liquid iron to examine complex deoxidation by aluminum and titanium.
(4) At equilibrium condition, titanium oxides would not form on titanium addition in normal Al-killed liquid steels with soluble aluminum content of 0.02-0.05 mass% at 1 873 K.
